Interpopulation gene flow in plants is mediated by a combination of pollen and seed dispersal. The effectiveness of pollen and seeds in bringing about gene flow depends upon the mode of inheritance of the genetic marker. For nuclear and paternally inherited markers, gene flow occurs in both pollen and seed. For maternally inherited markers, genes are only dispersed in seeds. As a result, levels of population differentiation under drift-migration equilibrium are expected to differ for markers with contrasting modes of inheritance, and the extent of such differences should be related to the relative levels of pollen and seed migration among populations. A model is developed that relates expected values of population differentiation (F,) for nuclear, paternally and maternally inherited markers, to pollen and seed migration rates. The model is used to estimate the relative rates of seed and pollen flow in six species of plants where values are available for both nuclear and maternally inherited markers. Estimates of (pollen flow/seed flow) range from four in wild barley to 200 in oaks, and this pattern of variation is consistent with the reproductive characteristics of the species concerned.
Introduction
Gene flow among plant populations can take place in two ways. The first involves dispersal of pollen to a different population, successful fertilization of an ovule by this pollen, and finally establishment of the resulting seed withm the site. Gene flow can also occur by dispersal of seed, and the successful establishment of dispersed seed within a new population. A complete description of interpopulation gene flow in plants must, therefore, include an assessment of the relative importance of pollen and seeds as agents of gene flow.
Attempts to measure gene flow in plants centre on two approaches. The indirect approach (Slatkin, 1985) makes use of data on population genetic structure G1 or distribution of rare alleles) gathered from isozyme surveys. By fitting such data to models of population differentiation under a balance between migration and genetic drift, quantitative estimates of Nm, the product of effective population size and migration rate, can be calculated (Slatkin & Barton, 1989) . Nm is a useful measure of the effectiveness of gene flow in preventing genetic divergence of populations through drift (Govindaraju, 1988 (Govindaraju, , 1989 . However, it provides no absolute measure of gene flow, nor 250 does it enable gene flow via pollen to be distinguished from that via seed.
Direct approaches to measuring interpopulation gene flow in plants have concentrated almost exclusively on gene flow via pollen (Ellstrand, 1992) . They rely on the fact that if appropriate genetic markers are available, paternity exclusion analysis can be used to classify successful pollen as either local (from the same population) or foreign. Pollen migration rates are then calculated as the proportion of foreign pollen among all successful pollen (Ellstrand & Marshall, 1985) . This approach has been widely applied for measuring pollen flow into both artificial and natural populations (Friedman & Adams, 1985; Nagasaka & Szmidt, 1985; Ellstrand et a!., 1989; Adams & Birkes, 1990) . These studies have been instrumental in stimulating a reassessment of the importance of interpopulation gene flow in plants. However, they are unable to provide any information on the levels of seed flow that occur among plant populations (Levin, 1984) .
In recent years, advances in molecular genetics have provided techniques that allow population differentiating to be measured not only for nuclear genetic markers, but also for markers on the organelle genomes (Wagner et a!., 1987; Neale et a!., 1988; Kremer eta!., 1991; Dong & Wagner, 1993; Strauss et al., 1993) . In contrast to biparentally inherited nuclear markers, organelle markers show predominantly uniparental inheritance (Birky, 1988; Clegg, 1989) . Chloroplast genomes are generally maternally inherited in angiosperms, and paternally inherited in gymnosperms (Conde et a!., 1979; Neale & Sederoff, 1989) ; mitochondrial genomes are maternally inherited in most plants, with the exception of some gymnosperms (Neale eta!., 1991; Wagner et aL, 1991; Palmer, 1992) .
As a consequence of these different modes of inheritance, we anticipate that the extent of gene flow among populations will differ for biparentally, maternally and paternally inherited markers (Birky et at., 1983 (Birky et at., , 1989 Takahata & Palumbi, 1985) . For instance, we anticipate that gene flow for maternally inherited markers will be lower than for nuclear markers, since only nuclear markers will be carried from one population to the next by pollen. Therefore, the extent of population differentiation is expected to vary among nuclear, maternally and paternally inherited markers for the same set of populations (Birky et al., 1989) .
Moreover, in plant populations, the extent of these differences is likely to be a function of the relative amounts of interpopulation pollen and seed flow. Thus, it may be possible to make use of simultaneous measurements on population differentiation for markers with different modes of inheritance to obtain insights into pollen and seed flow among populations.
In this paper I relate levels of gene migration for nuclear, maternally inherited, and paternally inherited markers to levels of interpopulation pollen and seed flow. I then derive expressions for the expected levels of genetic differentiation among populations for these three types of markers under a genetic drift-migration balance. These expressions are couched in terms of the rates of interpopulation pollen and seed flow. I then show how approximate estimates of the levels of (pollen flow/seed flow) can be calculated if data on genetic differentiation, for markers with different modes of inheritance, are available for the same set of plant populations. Finally I use these approximations to compare (pollen flow/seed flow) for six species of plants for which appropriate data are available.
Rates of gene flow for nuclear, paternally inherited and maternally inherited markers
The analysis is based on a model which assumes that the plant species under study is both diploid and hermaphrodite. The species is distributed as an infinite number of island populations, each of size N, linked by a constant level of gene flow. For simplicity the populations are initially assumed to be random mating. Consider a single population within this metapopulation. The population is constant in size, and therefore the number of seeds giving rise to the next generation in each population is N.
Let the proportion of pollen, derived from individuals within the reference population, that successfully fertilizes ovules within this population be x. The proportion of pollen originating from individuals in other populations, and successfully fertilizing ovules within the reference population, is therefore (1 -x). This will be referred to as the rate of interpopulation pollen flow.
Let the proportion of seeds contributing to the next generation, that are derived from plants within the reference population, be y. The proportion of successfully establishing seeds coming from other populations is therefore (1 -y). This will be referred to as the rate of interpopulation seed flow.
With these assumptions, we can now derive an expression for the per generation interpopulation migration rates of biparentally inherited nuclear genes, in terms of the per generation interpopulation migration rates of seed and pollen. In order to facilitate this calculation, it is convenient to deal separately with the non-dispersed and dispersed seed components contributing to the next generation.
For the non-dispersed seed component, the total number of seeds establishing that come from the reference population is Ny. The number of migrant genes establishing within the population as a consequence of pollen flow is Ny(1 -x). The number of non-migrant genes establishing in the population in the nondispersed seed component is Ny (female gametes) + Nyx (male gametes) Ny(1 + x). As a check we note that the total number of genes establishing in the non-dispersed seed component is Ny[(1-x)+(1 +x)J=2Ny. For the dispersed seed component, the total number of dispersed seeds that establish in the population is N( 1 -y). The number of migrant genes establishing as a consequence of this seed flow is 2N(1 -y). The number of non-migrant genes establishing as a consequence of this seed flow is 0. Summing the non-dispersed and dispersed seed components gives the total number of nuclear genes establishing as 2Ny+2N(1 -y)2N.
Using these results we can express the migration rate for nuclear genes, mh (the proportion of the total nuclear genes establishing each generation that are migrants) in terms of the amounts of interpopulation Let us now consider the interpopulation migration rate for paternally inherited markers. Again we will deal with the non-dispersed and dispersed seed components separately. If there is no heteroplasmy for the paternally inherited genome, the total number of paternally inherited genes establishing in the non-dispersed seed component will be Ny. The number of migrant paternally inherited genes establishing in this non-dispersed seed as a consequence of pollen flow is Ny(1 x). The number of non-migrant paternally inherited genes establishing in the non-dispersed seed component is Nyx.
Within the dispersed seed component the total number of paternally inherited genes is N(l -y). The number of migrant paternally inherited genes establishing from these dispersed seeds is N( 1 -y). The number of non-migrant paternally inherited genes establishing from dispersed seed is 0. As a check, the total number of paternally inherited genes establishing from nondispersed plus dispersed seed is therefore Ny+N(1 -y)=N.
Thus, the migration rate for paternally inherited genes, m, the proportion of migrant genes among the total in terms of interpopulation seed and pollen migration is:
Similar arguments can be used to obtain the expression for the migration rate of maternally inherited genetic markers, rn,,,, as: in,N(l -y)/N=(i--y).
The results of these calculations of migration rate for genetic markers with the three types of inheritance patterns are summarized in Table 1 . Having established these expressions for rates of gene migration among populations, we can use them to derive expressions for the extent of genetic differentiatioii among populations for nuclear, paternally inherited, and maternally inherited markers under an equilibrium between genetic drift and selection.
Population differentiation under migrationdrift equilibrium
Nuclear markers
Following Wright (1951) , the extent of genetic differentiation is measured in terms of the inbreeding coefficient F1. For an island model, with an infinite number of ideal, random mating, diploid populations of size N, and a migration rate among populations of mb per generation, the amount of genetic differentiation among populations for selectively neutral, nuclear markers, FS(,,), is given by: FS(,,) = 1 /(4Nm, + I ). (Wright, 1951) Substituting in the expression for migration rate of nuclear genes in terms of pollen and seed migration, ni,, (eqn I ), gives:
Rearranging this expression gives:
Paternally in her/ted markers
For paternally inherited genes, assuming no heteroplasmy, only one copy of each gene is found per in- Table I Relationship between gene migration rates for hiparentally(rn,,), paternally (rn,,) and maternally(m,,,)inherited genetic markers and the levels of pollen (1 -x) and seed ( dividual. The behaviour of organelle genes under drift will then be equivalent to the behaviour of nuclear genes in haploids (Birky etal., 1983 (Birky etal., , 1989 Takahata & Palumbi, 1985) . For haploid populations of size N, linked by migration at a rate m per generation, the amount of genetic differentiation, at drift-migration equilibrium is given by: F1= 1/(2Nm+ 1).
Substituting in the expression for migration rate of paternally inherited genes in terms of pollen and seed migration (eqn 2) gives the equilibrium level of genetic differentiation for paternally inherited markers, FSt(p), as:
Maternally inherited markers
For maternally inherited genes, with one copy per individual and migration rate m,, genetic differentiation at migration-drift equilibrium, FSt( ,,, is given by:
Substituting in the expression for migration rate of maternally inherited genes in terms of pollen and seed migration (eqn 3) gives:
Relationship between population differentiation for nuclear, paternally inherited, and maternally inherited genes
The extent of genetic differentiation at equilibrium between migration and drift is a function of effective population size and migration rates. In the absence of inbreeding within populations, effective population size is identical for the three types of markers. Moreover the seed and pollen migration rates that influence population differentiation for nuclear genes, also affect the levels of population differentiation for paternally inherited and maternally inherited genes. For these reasons we anticipate that the three values of for markers with contrasting modes of inheritance, will not be independent. It is therefore important to establish the relationship between these three measures of In order to do this we equate eqns 1, 2 and 3 for population size, N, given above. Before proceeding it is helpful to make the following substitutions.
(l/FSt(P)-1)B,and
This gives us the three equations:
Equating 2b and 3b gives:
Substituting in (ib) and equating with (3b) gives:
Thus, the population differentiation statistics, for genes with different modes of inheritance, are not independent. They are related according to the formula:
Comparison of population differentiation among nuclear, paternally inherited and maternally inherited markers (4) Using eqns 1, 2 and 3 derived above, it is possible to compare the levels of genetic differentiation for markers with contrasting modes of inheritance when there is an equilibrium between drift and migration. It is also possible to determine the conditions under which inequalities exist between the levels of genetic differentiation for these different markers.
Comparison of Fst(m) and FSt(b) Nuclear markers migrate both by pollen and seed, whereas maternally inherited markers only migrate via seed. We would therefore expect Fst(m) to exceed F(h) at migration-drift equilibrium. According to eqns 1 and 3, population differentiation for maternally inherited genes Ft(,fl will be greater than that for nuclear genes Values of x and y can vary between 0 and 1. Therefore, population differentiation will be greater for maternally inherited than for nuclear genes when the values of either x or y, or both x andy, are less than 1.0.
These conditions are met when there is either pollen migration, seed migration, or both occurring among Thus, so long as pollen migration takes place among populations, maternally inherited markers will always show greater differentiation than paternally inherited markers.
Comparison of FSt(P) and FSf(b) Using eqns 1 and 2, population differentiation for paternally inherited genes, st(j)' will be greater than for Where simultaneous measurements of population differentiation for paternally and maternally inherited markers are available, a second approximation for the relative rates of pollen and seed flow can be made.
Equating eqns 2b and 3b gives:
(1-y)=C(1-x)/(B--Cx),
(1-x)/(1 -y)=(B-Cx)/C. 
Modification of model for inbreeding populations
For simplicity, the model relating genetic differentiation and gene flow used above assumes that random mating occurs within populations. In other words, the extent of inbreeding, F1, for each population is taken to be zero. In these circumstances, the variance effective size of each of these ideal populations is N, and the effective number of biparentally inherited nuclear alleles at each locus in each population is 2N. The effective number of uniparentally inherited organelle alleles within each population, in contrast, is N. In many plant populations the assumption of random mating is violated, particularly as a result of self-fertilization and its attendant inbreeding. Values of F1 can range from 0 to 1 depending upon the level of selffertilization in the population. At inbreeding equilibrium the value of F1 is given by s/(2 -s), where s is the rate of selfing. Where this type of inbreeding occurs in a population of size N, its variance effective population size is reduced to N/( 1 + F1) (Caballero & Hill, 1992) . The effective number of biparentally inherited nuclear alleles at a locus in a population of size N is therefore reduced to 2N/( 1 + F). Inbreeding does not, however, affect the variance effective number of uniparental organelle alleles in the subpopulation, which remains at N.
In order to account for the effects of systematic inbreeding, arising from self-fertilization, on the variance effective population size for nuclear markers, the value N is replaced by N/( 1 + F1) in eqns 1 and 1 a.
However, because inbreeding does not alter the variance effective number of alleles for uniparentally inherited organelle markers, eqns 2, 2a, 3 and 3a remain unchanged. Taking note of these conclusions, more general formulae relating Ft(b), FSt(P) and Fst(m) values under any level of inbreeding, F1, in the population, can be given. With inbreeding, the relationship between the measures of population differentiation for markers with different modes of inheritance becomes:
(1/Ft(h)_1)(1+Fjs)(1/Fst(p)1)+(1IFt(m)1) (4a)
Inbreeding also affects the value of population differentiation for nuclear markers, FSt(h), relative to the values of FSt(p) and Fstm). The condition for greater population differentiation for maternally inherited than for nuclear markers becomes:
and the condition for greater population differentiation for paternally inherited than for nuclear markers becomes:
Finally, the more general formula for obtaining an approximate estimate of interpopulation pollen flow relative to seed flow, from measurements on genetic differentiation of nuclear and maternally inherited markers, becomes:
Note that all the above formulae reduce to the original form when F1 is equal to zero.
Application of theory for estimating relative rates of interpopulation pollen and seed flow
A number of sets of data have recently become available in which measurements of population differentiation for both biparentally inherited nuclear markers and maternally inherited organelle markers are reported (see Table 2 muricata. For the sake of these calculations the inbreeding coefficients, F1, for the outbreeding Quercus (oak) and Pinus (pine) species are both assumed to be 0, while F1 for the highly inbreeding H. spontaneum (wild barley) is assumed to be 1.0 (Brown et al., 1978) . Estimates of pollen migration rate relative to seed migration rate range from nearly 200, for the oak species, to four, for wild barley ( Neale eral. (1988) equilibria between nuclear and organelle markers (Asmussen er a/., 1987) . Through measurement and analysis of these cytonuclear disequilibria' it should he possible to estimate rates of pollen and seed flow between populations (Asmussen et a!., 1987; Asmussen & Schnabel, 1991 ; Schnabe] & Asmussen, 1992) . Application of these techniques to real populations awaits appropriate data collection (possibly from hybrid zones where the necessary genetic differentiation between populations is present) and the development of statistical techniques for estimating pollen and seed flow rates from cytonuclear frequencies (Schnabel &Asmussen, 1992) .
In comparison with the methods outlined in this paper, the analysis of cytonuclear disequilibria is more restricted with respect to the range of situations that can be analysed. Significant population differentiation must be present before measurable disequilibria are likely to be detected. Such analysis requires that nuclear and organelle genotypes be determined jointly within the same individuals, a condition that is not required when statistics for nuclear and organelle genomes are being estimated. Finally, it is likely that rather larger sample sizes per population will be required to measure disequilibrium statistics with the accuracy required for estimation of pollen and seed flow rates than would be the case if a simple comparison of F1 statistics were being undertaken (Asmussen & Schnabel, 1991; Schnabel & Asmussen, 1992) . However, experience from more extensive practical application of these two approaches is required before their advantages and disadvantages can be fully assessed.
Returning to the results of the present study, a number of critical questions needs to be addressed. The first is whether the analysis generates results that are biologically reasonable. For all six species investigated, estimated rates of pollen migration are greater than rates of seed migration, as might be expected. However, differences among species are substantial. The greatest contrast between pollen and seed migration rates is found for the oak species complex, where interpopulation pollen flow is estimated to be 200 times greater than interpopulation seed flow. This result may be accounted for by the reproductive system of the species. Oaks are predisposed to high rates of interpopulation pollen dispersal since they are outbreeding, wind-pollinated, and release pollen from a substantial height. On the other hand, dispersal of acorns by birds and rodents is likely to be relatively restricted, and opportunities for establishment of dispersed seed may be rare (Sork, 1984) . Thus, it is not inconceivable that pollen migration rates are as much as 200 times higher than seed migration rates.
In outbreeding pine species, interpopulation pollen dispersal is again expected to be substantial. Indeed, direct measures of pollen flow into seed orchards and along natural dines show significant pollen flow over many km (Millar, 1983; Nagasaka & Szmidt, 1985) . However, the discrepancy between pollen and seed flow may not be as large as in oaks, because pine seeds are also adapted to long range wind dispersal and have been shown to establish successfully over distances as great as 70 km (Cwynar & MacDonald, 1987) . Estimates of pollen/seed migration rates ranging from 20 to 60 are not inconsistent with these facts.
In contrast to the two figures for outbreeeding forest tree species, the rate of interpopulation pollen flow for the annual inbreeding species, wild barley, is estimated to be only four times that of seed flow. Opportunities for interpopulation pollen dispersal in such a highly selfing species are expected to be rare and it is not surprising that pollen and seed flow should be of the same order of magnitude for this species (Brown et al., 1978) . We can conclude from this rather sparse set of results that the figures on the relative rates of pollen and seed migration, derived from the analysis developed in this paper, are compatible with the biological characteristics of the species concerned.
Although these quantitative estimates of seed to pollen migration rates seem plausible on the basis of the species' biology, it is important to note that many assumptions underlie the analysis, assumptions that may limit the accuracy and validity of the results. Let us begin by considering the nature of the genetic variants that are being employed in the analysis. The model assumes that the rates of mutation at the loci concerned (in both nuclear and organelle genomes) are very low compared with the rates of interpopulation gene flow for these markers. Mutation does not, therefore, affect the equilibrium levels of nor does it lead to heteroplasmy of organelle genomes (Birky etaf., 1983 (Birky etaf., , 1989 Takahata & Palumbi, 1985) . This assumption is likely to hold for isozyme loci in the nuclear genome, and restriction site variants in the chloroplast genomes of plants (Birky, 1988) . More information is currently needed on the rate at which structural rearrangements take place in the mitochondrial genome of plants to ensure that they occur at a sufficiently low rate to be used in this analysis. Such structural variants were used to measure F(,fl) in the pine studies analysed here (Dong & Wagner, 1993; Strauss etal., 1993) . The high rate of differentiation for mitochondrial structural rearrangements among these, and other plant populations, suggests that the rate of mtDNA structural rearrangement within species is sufficiently low for such variants to be used (Saumitou-Laprade et al., 1993) .
A second crucial assumption made in the model is that uniparental inheritance of the organelle genomes is complete, and that heteroplasmy, arising from biparental inheritance or a very high mutation rate, is absent. Evidence on chloroplast and mitochondrial genomes so far suggests that, while biparental inheritance and heteroplasmy have been detected, they are relatively rare phenomena for the species analysed in Table 2 , and individual plants generally contain only one form of chloroplast and one form of mitochondrial genome (Kremer et a!., 1991; Wagner et a!., 1991; Strauss etal., 1993) .
Apart from questioning the appropriateness of the experimental data, it is necessary to assess the realism of the genetic model employed in this analysis, before accepting the results. The island model of population differentiation that forms the framework for the analysis makes a large number of assumptions that are not upheld in nature. These include constant and equal population sizes, and constant and equal migration rates among populations. Estimates of the relative amounts of pollen and seed migration that emerge when such a model is applied must necessarily be average figures, which gloss over the heterogeneity in interpopulation migration rates that is likely to be found in nature (Slatkin & Barton, 1989; Ellstrand, 1992 ). Thus, they should be regarded not as absolute, hut as 'realistic' figures that will be most useful in a comparative context. The model also assumes that populations are at drift-migration equilibrium.
Although it is known that drift-migration equilibrium levels of F are reached quite rapidly (Birky et a!., 1989) , caution needs to be exercised in using data from species with long generation times, especially where disturbance of populations is known to have occurred in the recent past. For such populations, migration-drift equilibrium levels of may not have been achieved after the disturbance.
In addition to these theoretical limitations, the methods described above have a number of practical shortcomings when used to compare pollen and seed migration rates. The first is that replicate estimates of the parameters FSt/,) and F(,fl) cannot be obtained. This is due to the fact that neither the chloroplast nor the mitochondrial genomes recombine, and are in complete linkage disequilibrium. Each organelle genome is effectively one gene. Estimates of for different marker loci on these genomes are not independent.
This contrasts with the situation for the nuclear genome in a random mating species, where independent estimates of FSt(b) can be obtained from loci that are in linkage equilibrium.
Another limitation is that estimates of pollen/seed migration are only valid when there are low absolute levels of seed migration (comparison of FSt(h) and FS(, 7) or low absolute values of pollen migration (comparison of F() and FSt(,)). Since pollen migration rates are generally believed to be greater than seed migration rates, the former assumption is likely to be the more realistic. Thus, comparison of FSt(b) Although the purpose of developing the model was to allow quantitative estimates of pollen/seed migration to be calculated, it also generates a number of more general and qualitative predictions about the levels of population differentiation for selectively neutral markers with different modes of inheritance. The first is that the expected levels of genetic differentiation for nuclear, paternally and maternally inherited markers are simply related according to eqn 4a. This prediction could be tested with data from gymnosperm populations in which nuclear, paternally inherited (chloroplast) and maternally inherited (mitochondrial) genomes occur (Neale & Sederoff, 1989) .
The second set of predictions is that for any degree of inbreeding in the population, genetic differentiation for nuclear and paternally inherited markers will be greater than for maternally inherited markers, provided that some seed establishes in the home population (y>O) and some pollen flow occurs among populations [(1 -x)> 0]. When there is no inbreeding, differentiation for paternally inherited markers will be greater than for nuclear markers so long as some seed flow occurs [(1 -y)> 0]. However, the inequality is reversed when the population is completely inbreeding (F = 1), provided that some seed establishes in the home population (y> 0), and some pollen flow occurs [(1 -x)> 0]. These results are amenable to experimental test. They also emphasize the fact that the degree of inbreeding within plant populations, as well as the levels of gene flow among populations, has a significant effect on levels of population differentiation for genetic markers with contrasting modes of inheritance.
The analyses outlined above would not have been possible without the extra information on organelle genome diversity that has been provided by the application of molecular biological techniques. A major weakness of the analysis, however, is that it only makes use of qualitative information about organelle genome variability, i.e. whether organelle genomes are the same or different for particular genetic markers. The challenge for the future will be to develop techniques that will incorporate information on the degree of differences among organelle variants, so that more sophisticated insights into gene flow in plant populations can be obtained.
